Objectives Pro-inflammatory cytokines have been noted to increase following exercise but their relationship to exercise-induced cardiac dysfunction has not previously been investigated. We sought to evaluate whether exercise-induced cardiac dysfunction was associated with increases in cytokines, particularly the pro-inflammatory cytokines IL-1β, IL-12p70 and TNFα, which have been most implicated in cardiac pathology.
Introduction
Increases in circulating leukocytes and cytokines have been well characterized during bouts of intense exercise [1] [2] [3] [4] but their role in cardiovascular health and disease remains unclear. Moderate exercise is associated with improved health outcomes and it has been argued that anti-inflammatory cytokines such as Interleukins 6, 8 and 10 (IL-6, IL-8 and IL-10) may potentiate some of these benefits [5] . The benefits of more extreme bouts of intense prolonged exercise are less established [6] and the inflammatory response may also differ from that of mild/ moderate exercise [1, 3, 7] In animal models, a single bout of extreme exercise was shown to elicit myocardial damage associated with acute inflammatory myocardial infiltrates [8] . More recently, Benito et al. observed an increase in inflammatory and pro-fibrotic markers in the atria and right ventricle of rats following 16 weeks of intense physical training which was associated with a greater propensity to ventricular arrhythmias [9] . Analogous changes have been observed in humans. Single bouts of extreme exercise result in acute myocardial dysfunction and release of cardiac dysfunction biomarkers [10] [11] [12] [13] whilst chronic exercise has been associated with pro-arrhythmic RV remodeling [14, 15] . However, direct myocardial evaluation is seldom justifiable in these athletes and so the contribution of inflammation to exercise-induced cardiac dysfunction is unknown.
The association between exercise and inflammatory cytokines is complex. It has been well demonstrated that exercise evokes an inflammatory response but the particular cytokines involved are expressed in a different profile to that of other systemic inflammatory states such as sepsis [16] . In sepsis, there is a marked and rapid increase in tumor necrosis factor alpha (TNFα) followed by the interleukins IL-6, IL-1ra and IL-10. In contrast, exercise promotes an early and profound increase in IL-6 but not TNFα. Pedersen et al. have coined the term "myokine" following the localization of IL-6 expression to skeletal muscle and have argued that its release during exercise is critical in suppressing cytokines that are more directly involved in tissue injury and inhibition of cellular metabolism (TNFα, IL-1 and IL-12) [16] . To summarize a complex and evolving understanding of the role of the cytokines in exercise and disease, it may be reasonable to group cytokines into anti-inflammatory (IL-6, IL-8 and IL-10 amongst others) and pro-inflammatory (TNFα, IL-12 and IL-1β amongst others).
Associations between inflammatory cytokines and myocardial disease have been most extensively studied in patients with congestive heart failure. IL-6 and TNFα have been demonstrated to increase with the severity of heart failure and predict mortality [17] . It has been demonstrated that both an excess or deficiency of IL-6 and/or TNFα may induce myotoxicity, fibrosis and cardiac dilation [18] [19] [20] leading to the hypothesis that inflammation orchestrates repair and regeneration following a metabolic stress, but that an over-zealous inflammatory response will promote damage [21] . Such a theory could apply to endurance exercise whereby extreme bouts could promote either transient dysfunction and/or regeneration. The fact that endurance exercise is associated with myocyte hypertrophy and hyperplasia would suggest that the dominant exercise stimulus is regenerative. However, the degree to which more extreme exercise and greater inflammatory responses contribute to adaptive and maladaptive cardiac regeneration have not been evaluated in humans.
We hypothesized that following intense endurance exercise, cardiac dysfunction may be associated with a predominantly pro-inflammatory cytokine response in well-trained athletes.
Methods Subjects
The endurance athlete cohort enrolled for this study has been described previously [22] . In brief, volunteers were sought through advertisements to local triathlon clubs. The first 40 endurance athletes who met the following three criteria were invited to participate in the study: 1) they were well-trained (defined as >10 hours of intense training per week) and well-performed (having finished within the first 25% of the field in a recent endurance event), 2) they had no cardiac symptoms or cardiac risk factors and 3) they were planning to compete in 1 of 4 nominated events (a marathon, endurance triathlon, alpine cycling race and an ultra-triathlon). The distances, number of competitors and completion times for each endurance event are detailed in Table 1 . Written informed consent was obtained from all subjects and the protocol was approved by the St Vincent's Hospital Human Research Ethics Committee in accordance with the Declaration of Helsinki.
Procedures
Athletes were studied at 2 time points: 1) at baseline in the three weeks prior to the endurance event during regular training but following 2-3 days of relatively light training, and 2) immediately (10-50 minutes) following the endurance sporting event-post-race. The investigations performed were: blood tests for cardiac and inflammatory biomarkers, echocardiography and electrocardiography.
Cardiac and inflammatory biomarkers. Full blood was used for quantification of B-type natriuretic peptide (BNP) using a point-of-care immunoassay (Triage, Biosite Incorporated, San Diego, CA, USA) with a lower detection limit of 5 ng/L and for full blood count. The remaining samples were immediately centrifuged and plasma and serum samples stored at -80°C until analysis of sodium (Na), creatinine (Cr), osmolality, cytokines, cTnI and CK. Cardiac troponin I (cTnI) was measured using an AxSYM cTnI assay (Abbott Laboratories, Abbott Park, IL, USA) for which the lower limit of detection was 0.015 and the lower 99th percentile of a normal reference population (URL) of 0.04 μg/L.
Concentrations of IL-8, IL-1β, IL-6, IL-10, TNFα, and IL-12p70 were quantified from serum samples using a multiplex cytometric bead array kit (BD-Biosciences, San Diego, CA). The kit utilizes beads with specific fluorescent intensities which have been coated with antibodies for the 6 different cytokines. The beads were then incubated with the subjects' sera for 30 minutes and then amplified fluorescence detection by flow cytometry was analyzed using commercial software (BD-Biosciences, San Diego, CA) to obtain concentration values. The limit of blanc, defined as the corresponding concentration at two standard deviations above the median fluorescence of 20 replicates of the negative control (0 pg/ml), was IL-8 = 3.6 pg/ml, IL-1β = 7.2 pg/ml, IL-6 = 2.5 pg/ml, IL-10 = 3.3 pg/ml, TNFα = 3.7 pg/ml and IL-12p70 = 1.9 pg/ml.
Echocardiography. Baseline and post-race echocardiography was performed with the subject lying supine on their left side using a Vivid 7 Dimension echocardiograph (GE Vingmed Ultrasound, Horten, Norway). At least six full-volume 3-D data-sets (at least 3 of the RV and LV respectively) were acquired over five cardiac cycles during breath-hold. LV and RV volumes were then measured off-line using customized software (TomTec software, Germany) as previously described [23] . The average from three volume analyses from three separate acquisitions was used. At baseline, we validated these measures against cardiac magnetic resonance imaging and demonstrated good agreement between the two techniques (data not included in this report). Ejection fraction was quantified as (end-diastolic volume-end-systolic volume)/ end-diastolic volume. Detailed results of comprehensive echocardiographic results have been presented previously [22] .
Definition of cardiac dysfunction. Cardiac dysfunction was prospectively defined as being present if all three of the following conditions were met: 1) post-race cTnI > 0.04 μg/L as a marker of myocardial damage by international guidelines [24] , 2) post-race BNP increase > 10 ng/L as a marker of pathology in previous studies [25, 26] and 3) a relative decrease in RVEF > 10.6% of baseline representing a change of greater than 1.5 x standard deviation at baseline. We prospectively chose a decrease in RV ejection fraction (rather than LV ejection fraction) because we, and others, have demonstrated that prolonged endurance exercise preferentially affects RV function [10, 13, 27, 28] and, conversely, LV ejection fraction is minimally affected, if at all [29] .
Statistical analyses
Normal Gaussian distribution of continuous variables was tested using a Kolmogorov-Smirnov test. Baseline and post-race comparisons were performed using a paired samples t-test or a Wilcoxon signed-rank test as appropriate depending on whether the data was normally distributed. A chi-square test was used for comparison of categorical values. To assess the association between exercise-induced changes in biomarkers of myocardial dysfunction and cytokines, a stepwise linear regression model was used after assessment of significant colinearity. Statistical analysis was performed using IBM SPSS statistics 20 software. A two-tailed P-value of <0.05 was considered significant.
Results
Subject characteristics according to endurance race grouping are presented in Table 2 . Athletes in the four events had similar baseline measures of cardiac function and body type. The only differences were that athletes competing in the long triathlon were younger, and alpine cyclists older, than the mean. VO 2 max was also unequally represented across groups but these differences were not apparent when corrected for age and gender differences (predicted VO 2 ). Ultra triathlon competitors performed more weekly training.
Prevalence of myocardial dysfunction
Cardiac troponin was detectable in nine athletes (23%) at baseline, noting that testing was performed amidst a busy training schedule, and in all athletes post-race (p<0.0001 for comparison, Table 3 ).
In assessing the pre-specified definition of myocardial dysfunction, post-race cTnI was greater than 0.04 μg/L in 31 athletes (marathon 86%, long triathlon 100%, alpine cycling 33% and ultra-triathlon 85%, p = 0.003 for difference in proportions). There was also disproportionate representation in BNP increases across groups with 19 athletes (48%) fulfilling the definition of an increase >10 ng/L. The highest frequency was seen in the ultra-triathlon event (marathon 14%, long triathlon 27%, alpine cycling 22%, ultra-triathlon 92%, p<0.0001). RVEF decreased by >10.6% (1.5 x SD) in 18 subjects (marathon 29%, long triathlon 27%, alpine cycling 33%, ultra-triathlon 77%, p = 0.046). Ten athletes (25%) met all three criteria, all of which were ultra-triathletes (77% of this group).
Relation between inflammatory cytokines and myocardial dysfunction
Inflammatory, hematological and biochemical measures at baseline and post-race are detailed in Table 3 . IL-6, IL-8 and IL-10 increased 8.5-, 2.9-, and 7.1-fold respectively following the endurance race, whilst there was no significant change in IL-12p70, TNFα or IL-1β. Consistent with an acute inflammatory response, there was a large increase in white cell count (WCC) and a modest increase in platelets in the post-race setting. Hematocrit and serum osmolality increased compared to baseline, consistent with a degree of hemoconcentration. Creatine kinase (CK) levels also increased significantly, suggesting a degree of exercise-induced skeletal muscle injury.
Ten of the 40 endurance athletes were identified as having post-race myocardial dysfunction according to the prospective definition combining functional and biochemical measures. Thus it was possible to compare the inflammatory response in those with and without demonstrable cardiac dysfunction. Following the endurance race there was no difference in hematological values between those 10 athletes with myocardial dysfunction and those without (Hb, 147 ± 5 vs. 150 ± 9, p = 0.279; WCC, 16.2 ± 3.6 vs. 14.8, p = 0.315; platelets, 310 ± 34 vs. 308 ± 61, p = 0.876). IL-6 and IL-8 increased after endurance exercise (Table 3) but there was no difference in levels according to the presence or absence of myocardial dysfunction (Fig 1A and 1C) . Similarly the anti-inflammatory cytokine IL-10 increased to a similar extent in both groups (Fig 1E) . However, a number of potentially important cytokines were expressed to a greater extent in those subjects with myocardial dysfunction. IL-12p70 and TNFα were greater in athletes with post-race cardiac dysfunction (Fig 1D and 1F ) whilst a similar trend in IL-1β was not significant (Fig 1B) . Strong correlations were observed between changes in BNP and changes in TNFα, IL-12p70 and IL-1β in the 13 athletes competing in the ultra-endurance triathlon. Modest correlations were similarly observed between changes in cTnI and both TNFα and IL-12p70 (Fig 2) .
In addition to the categorical analysis of athletes according to the pre-specified definition of myocardial injury, the relationship between cytokines and cardiac dysfunction was assessed using multiple regression analyses. IL-12p70, TNFα and IL-1β were all univariate predictors of the change in RVEF from baseline to the post-race examination (r = 0.673, r = 0.603 and r = 0.400 respectively, P < 0.05) whereas there was no significant association between ΔRVEF and any of the anti-inflammatory cytokines (Fig 3) . With the important caveat that there was significant colinearity between the three pro-inflammatory cytokines, IL-12p70 was the only independent predictor of ΔRVEF on multivariate regression analysis, explaining 45% of the variance (P < 0.0001). Similarly, TNFα (r = 0.447, P = 0.004) and IL-12p70 (r = 0.419, P = 0.008) were independent predictors of ΔBNP, with TNFα remaining as the only independent predictor after multivariate analysis. None of the cytokines were significantly associated with ΔcTnI.
Discussion
Exercise-induced pro-inflammatory responses have been well documented but this is the first study to describe an association between cardiac dysfunction resulting from intense-endurance exercise and increases in cytokines implicated in cardiovascular disease. Myocardial inflammation and necrosis has been demonstrated in murine models of extreme exercise [8, 9, 30] but, until now, there has not been data to support this premise in humans. Whilst this study may add some weight to this premise, a causative link between systemic inflammation and myocardial dysfunction cannot be proven in this current study.
Inflammation and cytokine responses to exercise
The exercise-induced increases in IL-6, IL-8 and IL-10 are consistent with previous investigations [31] . Increases in IL-6 have been demonstrated with short bouts of exercise [32] and after ultra-endurance exercise [33] , although most studies have evaluated durations of exercise in between these extremes. The extent, temporal profile and the ratio between the pro-inflammatory IL-6 and IL-8 and the anti-inflammatory IL-10 in our current study are all in keeping with the concept of a balanced immunological response to exercise [5] . Outside the context of endurance exercise, some studies have reported an association between increased levels of IL-6 and cardiac disease. Melendez et al. provided the most direct evidence for potential pathogenesis by demonstrating myocardial hypertrophy and fibrosis in rats following IL-6 infusion [34] . Intriguingly, Marcus et al. described an association between atrial fibrillation, increased IL-6 expression and IL-6 1744CC genotype in a cross-sectional study of patients with known coronary artery disease [35] . This is of particular interest given the increased prevalence of atrial fibrillation that has been described amongst endurance athletes [36, 37] and raises the possibility that inflammatory mediators may be important arrhythmic modulators. How then does one assimilate studies which link IL-6, cardiac fibrosis and arrhythmias with the seemingly opposing literature which links IL-6 (either alone or in combination with increases in IL-8 and IL-10) to a host of cardiovascular benefits including enhanced insulin sensitivity, lipolysis and reduced basal inflammatory states [5, 16, 31] ? It is very possible that this apparent contradiction may be explained by the temporal profile of the cytokine expression. Much the same as physiological markers such as heart rate, it may be that exercise-related increases lead to down-regulation of basal cytokine levels. Thus, chronic and sustained increases in IL-6, IL-8 and IL-10 may be deleterious to cardiovascular health and best prevented by exercise. This is supported by the observation that cytokine levels are indeed lowest in well-trained athletes and increased in sedentary subjects [38] . Thus, our finding that increases in IL-6, IL-8 and IL-10 was not associated with cardiac dysfunction is consistent with the concept of healthy exerciseinduced expression of these cytokines. Whereas it may be argued that exercise-induced IL-6 expression may have a number of beneficial effects in attenuating chronic low-grade inflammation [5] , the release of IL-12p70, IL-1β and TNFα have been more definitively associated with cardiac and vascular pathology. TNFα plays an early prominent role in infectious inflammatory responses and those resulting from burns but most studies have found that exercise does not stimulate TNFα, IL-12p70 or IL-1β release [5] . There is, however, some evidence that TNFα expression may increase following exercise of more extreme intensity and duration. Ostrowski et al. observed a small but significant increase in TNFα following a marathon run (mean exercise time 3 hours, 27 minutes) [2] but, in contrast, Limongelli et al. found no increase in TNFα when 20 elite athletes were evaluated following a short bout (approximately 10 minutes) of maximal intensity cycling. We observed variable increases in IL-12p70, IL-1β and TNFα according to whether athletes showed evidence of myocardial dysfunction. In the 10 athletes meeting the pre-specified definition of myocardial dysfunction there was significant exercise-induced expression of TNFα and IL-12p70 whilst this was not the case in those who did not manifest cardiac dysfunction. Indirectly, this may reflect the duration of exercise because it was notable that cardiac dysfunction was found in 10 of the 13 ultra-endurance athletes (77%) but none of the athletes completing shorter events. Furthermore, when assessing those 13 ultra-endurance athletes we observed a strong association between biochemical markers of myocardial dysfunction (BNP and cTnI) and the pro-inflammatory cytokines (Fig 2) . Thus, our findings raise the important hypothesis that more prolonged intense exercise may be associated with a pro-inflammatory response, although it is not possible to assess whether inflammation is a cause, effect or is independent of tissue damage. Histological examinations of skeletal muscle biopsies have clearly demonstrated inflammation and necrosis following prolonged exercise [33] and our current data provide indirect evidence to suspect similar changes in cardiac muscle. Whilst damage to skeletal muscle may have little impact on muscular integrity and function, even microscopic damage to the myocardium has the theoretical risk of creating a pro-arrhythmic substrate. A causal link between extreme exercise, inflammation and arrhythmias (both atrial and ventricular) has been demonstrated in rats [36, 39] and our current data suggests that this is also a plausible line of inquiry in humans.
TNFα, IL-12p70 and IL-1β differ from the 'myokines' discussed previously in that there is no evidence to suggest a protective or beneficial role. Rather, these cytokines correlate with mortality in heart failure [17] and TNFα over-expression causes severe heart failure in animal models [19] . It is also intriguing to note that TNFα-induced cardiac dysfunction is predominantly mediated through pressure overload states [40, 41] and this effect may be greater for the RV than LV [42] . Therefore, our observed association between pro-inflammatory cytokines and exercise-induced RV dysfunction may be of significance. Such changes could be consistent with the hypothesis of greater RV wall stress during exercise inducing RV dysfunction via an inflammatory process [6] .
There are a number of important limitations to be considered in the interpretation of this study. Firstly, blood samples for cytokine analysis were taken within 50 minutes of race completion. It is possible that the observed increases in pro-inflammatory cytokines observed in the ultra-endurance athletes was not because of the observed myocardial dysfunction but because of the temporal profile of exercise-induced cytokine expression. It is possible that TNFα may also have been elevated in those athletes completing shorter races but that the peak occurred many hours after race completion. The only way of assessing this possibility would have been to perform cytokine assays on multiple samples taken over a prolonged period during recovery. The logistics and expense of such an undertaking were beyond the scope of this project. Secondly, serum concentrations of these cytokines do not enable localization of their source. Given that post-endurance exercise skeletal muscle injury far exceeds that of cardiac dysfunction, it is more likely that the increase in serum cytokine expression predominantly reflects skeletal muscle injury. As stated previously, profound skeletal muscle inflammation has previously been observed after endurance exercise [33] and our finding of a significant increase in CK supports a degree of skeletal muscle injury. However, this would not explain the increases in troponin, BNP and the RV dysfunction which are all cardiac specific. Finally, we chose a prospective definition for myocardial dysfunction which combined biochemical and functional abnormalities. This definition is somewhat arbitrary but given that there is no pre-existing definition of myocardial dysfunction which is relevant to the post-race setting, we felt that the chosen criteria were logical and robust. Furthermore, the results of this categorical definition of myocardial dysfunction concur with the findings of significant associations with pro-inflammatory cytokines using continuous data in the multiple regressions.
Conclusion
Following intense endurance exercise we found an association between greater expression of pro-inflammatory cytokines and myocardial dysfunction. This does not prove a causal relationship but provides rationale for further investigations into whether inflammation mediates exercise-induced myocardial dysfunction.
